We examined the competitive relationship between two isolates of denitrifying bacteria, both of which grow well under aerobic conditions but differ in their ability to grow under denitrifying conditions. The growth and persistence of the two isolates, added to sterile soil or added to soil previously colonized by the other isolate, were monitored under aerobic and denitrifying (anaerobic) conditions. When isolates were added together to sterile soil, the isolate added at the higher density reduced the growth of the isolate added at the lower density. The magnitude of the growth reduction varied depending on the competitive abilities of the individual isolates and the aeration state of the soil. Prior colonization of soil with one of the isolates conferred a competitive advantage on the colonized isolate but did not lead to the disappearance of the challenging isolate. Fluctuations in aeration state caused large changes in the population density of one isolate and altered the competitive relationship between the two isolates. The competitive effectiveness of each isolate varied with cell density, the degree of prior colonization of the soil by the other isolate, and the aeration state of the soil.
Denitrification is the major mechanism by which fixed nitrogen is returned to the atmosphere from soil and water. Denitrification rate (measured as nitrogen gas loss from soil) is known to respond quickly to fluctuating environmental conditions (7, 18, 19) . At present, however, it is difficult to directly relate measurements of nitrogen gas loss from soil to the expression of the enzymes responsible for denitrification or to the in situ growth of populations of denitrifying bacteria (11, 16) .
This difficulty is due, in part, to the facultative nature of denitrifying bacteria, which are capable of growing aerobically by respiring oxygen or anaerobically by respiring nitrate. The population growth of organisms capable of denitrification may thus occur under aerobic conditions, and growth may not be coupled to the process of denitrification. Direct knowledge concerning how environmental conditions limit the growth and survival of denitrifying bacteria is required in order to understand how the dynamics of denitrifier population growth are related to the process of nitrogen gas loss from soil. Moreover, as many bacteria capable of denitrification may be used as carriers of introduced genetic material, information concerning how environmental conditions modify gene expression and the growth of denitrifying bacteria is needed in order to predict the fate of genetically engineered microorganisms released into heterogeneous soil environments (8, 20) .
Previous studies have noted that when large populations of bacteria are added to soil, the introduced organisms generally decline in cell numbers after a few days, with most organisms persisting at low levels for at least several weeks (1, 2, 5, 6, 10, 21) . In an earlier study (12) , we noted that when denitrifying bacteria are added to soil at low cell densities, many isolates exhibit some population growth under both aerobic and denitrifying (anaerobic) conditions, although the relative amount of growth varied considerably depending on soil type and the aeration state of the soil. Five * Corresponding author.
of nine denitrifying isolates introduced into soil exhibited better growth after 2 days under denitrifying conditions. It was not possible, however, to predict the predominance of the denitrifying or aerobic mode of growth of the introduced organisms from the growth characteristics of these organisms in pure culture or sterile soil (12) .
The ability of individual species of denitrifying bacteria or different isolates of the same species to colonize and grow in soil varies with the genotype of the individual isolate, the aeration state of the soil, and soil type (12) . In this study we investigated how the presence of indigenous microflora affects the ability of an introduced denitrifier to colonize and grow in soil. We examined the competitive relationship between two isolates of denitrifying bacteria, both of which grow well under aerobic conditions but differ in their ability to grow under denitrifying conditions. The objective of the study was to determine how this difference in the ability of the isolates to carry out denitrification would affect the outcome of competition trials between the two organisms. We (12) .
Experimental procedures. Ten grams of soil was placed in a 125-ml Erlenmeyer flask. The soil was brought to 35% moisture (dry weight basis) by dispersing washed cells in a solution of saline and nitrate (0.3 mg of N per g of dry soil) onto the soil surface by using a syringe fitted with a 25-gauge needle. The volume of the cell suspension and nitrate solution was adjusted in order to bring the soil to the proper moisture content. In long-term incubations where endogenous substrates in the soil may have been depleted, experiments were supplemented with a small amount of glucose (0.4 mg of C per g of dry soil). We have previously shown that the glucose supplement will stimulate growth slightly without altering the pattern of growth characteristic of each isolate (12) . When needed, glucose was included in the saline solution. Aerobic flasks were covered with foam stoppers which allow gas exchange. We have previously demonstrated that this procedure is sufficient to maintain aerobic conditions in the flasks (12) . Anaerobic flasks were stoppered, evacuated, and flushed three times with N2. There were three replicates of each treatment at each time point, and incubation was at room temperature.
In long-term experiments, which included multiple additions of solutions containing glucose and nitrate, soil moisture was maintained at approximately 35% (dry weight basis). When necessary, water was evaporated from the soil by opening and placing the flasks in a stream of sterile air until the initial soil moisture (monitored by weighing the flasks) was reestablished.
Long-term growth and survival. The influence of soil colonization on the long-term persistence of the isolates was tested by adding isolate 59P (at approximately 106 CFU/g of dry soil) to soil which had previously been colonized with an equal number of isolate S70R CFU. Soil used in the longterm incubation was amended with glucose and nitrate and colonized for 3 days with isolate S70R under anaerobic conditions. After the colonization period, isolate 59P was added to the soil; then half of the incubations were maintained under aerobic conditions, and half were maintained under anaerobic conditions. Additional glucose and nitrate were added to the soil on day 0 with isolate 59P and on days 7 and 17.
Initial cell density effects. The effect of initial cell density on competitive outcome was tested by incubating isolates 59P and S70R separately and together in soil. The concentration of isolate S70R was held constant at approximately 105 cells g of dry soil-', and the concentration of isolate 59P was varied: 102, 105, and 107 cells g of dry soil-1. In the cell density experiment both isolates were added to sterile soil at the same time, after which half of the incubations were maintained under aerobic conditions and half were maintained under anaerobic conditions. Soil used in the cell density experiment was amended with nitrate.
Short-term colonization experiments. The competitive effectiveness of each isolate was also evaluated by colonizing sterile soil, under anaerobic conditions, for 3 days with one isolate and then challenging the colonized isolate with the addition of the other isolate. After the addition of the challenging isolate, half of the incubations were maintained under aerobic conditions and half were maintained under anaerobic conditions for an additional 3 days. Soil was amended with nitrate when colonization was initiated and after 3 days when the second isolate was added to the soil.
Fluctuating-aeration regimen experiment. In the fluctuating-aeration regimen experiment, soil amended with glucose and nitrate was colonized with isolate S70R for 3 days under anaerobic conditions. On day 3, isolate 59P and a solution containing glucose and nitrate were added to the soil and aerobic aeration conditions were established. At 3-day intervals throughout the rest of the experiment, aeration conditions within the flasks were alternated and additional glucose and nitrate were added to the soil.
Enumeration. Isolates added to soil were recovered by shaking the soil in 90 ml of saline with 0.05% Tween 80 for 1 min. Serial dilutions of the soil were spread onto nutrient agar plates and nutrient agar plates containing 50 ,ug of rifampin ml-' and 50 ,ug of cycloheximide ml-l to prevent fungal growth. Plates were incubated at room temperature in the dark under aerobic conditions for 3 days. Bacterial numbers were determined by counting three plates from the appropriate dilution, each plate containing between 30 and 300 CFU. The Long-term growth and survival. When isolate 59P was added to soil previously colonized with isolate S70R, both isolates persisted for the 21-day duration of the experiment (Fig. 1) . Under aerobic conditions, both isolates increased in numbers by 2 orders of magnitude by day 6 and maintained these populations for 21 days. Under anaerobic conditions, however, isolate 59P increased in numbers by 2 orders of magnitude and maintained this population for 21 days, while tr) l 0. isolate S70R declined in numbers by 2 orders of magnitude (Fig. 1) (Fig. 3 ). When challenged with isolate 59P, the growth of isolate S70R was unaffected under aerobic conditions and was reduced by over 1 log under anaerobic conditions (Fig. 3) .
The effect of isolate 59P on the growth of isolate S70R was even more pronounced in soil previously colonized with isolate 59P. When S70R cells (at a concentration of approximately 10W cells g of soil-') were added to soil colonized with isolate 59P (final cell density, 108 cells g of dry soil-'), the growth of isolate 59P was unaffected while the growth of isolate S70R was reduced by 2 logs under aerobic conditions (Fig. 4) . Under anaerobic conditions, in the presence of isolate 59P, isolate S70R did not exhibit any growth and the density of isolate S70R decreased by almost 1.5 logs (Fig. 4) .
While prior colonization of soil with one of the isolates conferred a competitive advantage on the colonized isolate, the competitive advantage was not absolute. Even (Fig. 4) . Although isolate S70R was able to grow under aerobic conditions, it persisted at a final cell density 10 times lower than that of isolate 59P.
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environments, while in situations where population growth under aerobic is required for gene expression, the ability of specific bacte-)r under anaerrial isolates to grow can vary dramatically with the aeration 'varied as the state (Fig. 1) (12) .
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